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Abstract 

Protein-protein interactions play crucial roles in numerous biological processes. However, it is still challenging to 
evaluate the protein-protein interactions, such as antigen and antibody, in the presence of drug molecules in 
physiological liquid. In this study, the interaction between bovine serum albumin (BSA) and rabbit anti-BSA was 
investigated using atomic force microscopy (AFM) in the presence of various antimicrobial drugs (sulphathiazole 
sodium, tylosin and levofloxacin) under physiological condition. The results show that increasing the concentration 
of tylosin decreased the single-molecule-specific force between BSA and rabbit anti-BSA. As for sulphathiazole 
sodium, it dramatically decreased the specific force at a certain critical concentration, but increased the nonspecific 
force as its concentration increasing. In addition, the presence of levofloxacin did not greatly influence either the 
specific or nonspecific force. Collectively, these results suggest that these three drugs may adopt different 
mechanisms to affect the interaction force between BSA and rabbit anti-BSA. These findings may enhance our 
understanding of antigen/antibody binding processes in the presence of drug molecules, and hence indicate that 
AFM could be helpful in the design and screening of drugs-modulating protein-protein interaction processes. 



1. Introduction 

A molecular level understanding of protein-protein inter- 
actions is fundamentally important in the life sciences. A 
number of human diseases are closely related to the pro- 
tein-protein association or dissociation events and thus 
probing and characterizing these interactions have become 
increasingly significant in the development of novel drugs 
and medical diagnostics [1-4]. Different solution condi- 
tions, such as pH, temperature, ion species, and strength, 
may influence the protein-protein interactions as previous 
studies have demonstrated [5-7]. This is particularly 
important in drug discovery and the computer-aided drug 
design (CADD) method has identified molecules modify- 
ing protein-protein interactions as potential drug candi- 
dates [8,9]. However, the computer studies do not provide 
more detailed information on forces at nanoscale-to-mole- 
cular scale that influence protein-protein interactions, 
which would allow us to better understanding the factors 
of drug molecules affecting the interactions. Therefore, it 

* Correspondence: wjh@cqu.edu.cn 

1 Key Laboratory of Biorheological Science and Technology, Ministry of 

Education, Chongqing University, 400044 Chongqing, China 

Full list of author information is available at the end of the article 



is still challenging to evaluate the protein-protein interac- 
tions, such as that between antigen and antibody, in the 
presence of drug molecules in physiological liquid. 

Bovine serum albumin (BSA) is the major protein con- 
stituent of blood plasma and it facilitates the disposition 
and transport of various exogenous and endogenous 
ligands to the specific targets. Many drugs and other 
bioactive small molecules bind reversibly to BSA [10,11]. 
Consequently, it is important to study the drugs effect on 
this protein. Sulphathiazole sodium, tylosin, and levofloxa- 
cin are antimicrobial drugs that belong to sulphonamides, 
macrolides, and fluoroquinolone family, respectively. (The 
chemical structures of these three drugs are shown in 
Figure 1.) The distribution, antimicrobial activity, and toxi- 
city of these drugs are strongly dependent on the extent of 
their binding by serum albumin. There have been several 
spectroscopic studies on fluorescence quenching and 
structure analysis of serum albumin induced by these 
drugs or other bioactive small molecules [12-14]. Never- 
theless, no investigations have been made of the mechani- 
cal behavior of BSA in the presence of these drugs. 

By using an atomic force microscopy (AFM), it has 
been possible to measure directly the specific and 
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Figure 1 Chemical structures of drug molecules, (a) Chemical structure of sulphathiazole sodium, (b) Chemical structure of tylosin. (c) 
Chemical structure of levofloxacin. 



nonspecific force between proteins at molecular scale. 
AFM is widely applied to characterize biological molecu- 
lar recognition processes because of its high force sensi- 
tivity and the capability of operating under different 
physiological conditions [15-18]. We have previously tes- 
tified an experimental method for the characterization of 
the specific and nonspecific interaction force between 
human immunoglobulin G (IgG) and rat anti-human IgG 
in phosphate buffered saline (PBS). Self-assembled 
monolayer (SAM) method was used for sample 



preparation and AFM was employed for interaction force 
measurement [19]. SAM method has been proved to be a 
facile and effective way to form well-defined and con- 
trolled films for AFM sample preparation [20,21]. In this 
article, we investigated the interaction between BSA and 
rabbit anti-BSA when it was measured by AFM in either 
PBS or PBS solution containing one of the three antimi- 
crobial drugs (sulphathiazole sodium, tylosin, and levo- 
floxacin) under physiological conditions. The results 
suggest that these three drugs may adopt different 
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mechanisms to affect the interaction force between BSA 
and rat-anti BSA. 

2. Experimental methods and materials 

To investigate protein-protein interactions through AFM, 
we used a thiol-based SAM for protein immobilization 
because of its effectiveness and simplicity, which is similar 
to our previous report [22]. In brief, sulphur-containing 
molecules (thiols, sulphides, and disulphides) have a strong 
affinity for gold and will interact with it in near covalent 
manner. Therefore, when gold is immersed into a solution 
of thiols such as 16-mercaptohexadecanoic acid (MHA), 
the thiol molecules will spontaneously react with gold and 
form a SAM of thiols on the gold surface with tightly 
packed and well-ordered chains. The terminal end of the 
thiol-based SAM consists of carboxyl tail groups that can 
be activated by the l-ethyl-3-(dimethylaminopropyl) car- 
bodi-imide hydrochloride (EDC) and N-hydroxysulpho- 
succinimide (NHS). The activated SAM can then be 
soaked into protein solution to form protein layer. 

2.1. Gold-coated substrate 

Gold-coated substrates were prepared by vapor deposition 
of gold onto freshly cleaved mica in a high vacuum eva- 
porator at approx. 10" 7 Torr. Mica substrates were pre- 
heated to 325°C for 2 h by a radiator heater before 
deposition. Evaporation rates were 0.1-0.3 nm/s, and the 
final thickness of the gold films was approx. 200 nm. A 
chromium layer was also vapor deposited and sandwiched 
between the gold and mica to strengthen the adhesion 
between the surfaces. The gold-coated substrate was then 
annealed in H 2 flame for 1 min before use. 

2.2. SAM of thiols on gold surface 

The bare gold-coated substrate prepared as above was 
thoroughly cleaned in hot piranha solution (v/v H 2 S0 4 : 
H 2 0 2 = 3:1) for 30 min. The gold-coated substrate was 
then immersed into the ethanol solution of 1 mM MHA 
for 24 h to produce the thiol-based SAM on the gold sur- 
face, and unbound thiols were removed by ultrasonication 
in pure ethanol for 2 min. The prepared SAM was then 
rinsed sequentially with pure ethanol, ultra pure water, 
and finally dried in a N 2 stream before use. 

2.3. Protein immobilization onto the SAM 

BSA was covalently immobilized on a gold-coated sub- 
strate through the condensation reaction between the 
amino groups in the protein and the carboxyl groups on 
the gold-coated substrate [23]. In brief, SAM with car- 
boxylic acid terminal groups was activated by 2 mg/mL 
NHS and 2 mg/mL EDC in PBS for 1 h, and subsequently 
rinsed thoroughly with ultra pure water, and dried in 
N 2 stream. The activated SAM was then immersed into 
5 ug/mL BSA in PBS at 4°C for 12 h. Finally, the 



prepared sample of protein layer was kept in PBS at 4°C 
until use. 

2.4. Functionalization of AFM tip 

Functionalized AFM tip with rabbit anti-BSA coating 
was prepared similarly as described above. 

2.5. Measurement of antigen-antibody adhesion force by 
AFM in drug solutions 

Adhesion force between BSA and rabbit anti-BSA was 
measured by AFM using Benyuan CSPM 5000 scanning 
probe microscope (Benyuan Co., China). The functiona- 
lized AFM tip scanned across the well-ordered protein 
monolayer. At a given location, the tip was moved toward 
the surface of the monolayer and retracted. When the tip 
approached the monolayer surface it would deflect 
because of the antigen-antibody interaction force, which 
would be detected as a "voltage-displacement" signal and 
converted into a "force-displacement" curve [24,25]. 
Because the tip was considered an elastic cantilever, its 
deflection was determined by the force (F) exerted on it 
following Hooke's law, i.e., F = k x d, where d is the deflec- 
tion, k is the spring constant of the cantilever tip. In gen- 
eral, k should be small for AFM to minimize measurement 
noise. In this study, commercially available Si 3 N 4 cantile- 
ver tip (BudgetSensors®, Innovative Solutions Bulgaria 
Ltd., Bulgaria) was used of which the spring constant, cali- 
brated by thermal fluctuation method [26], was 0.2-0.3 N/ 
m. The tip has a pyramidal geometry. Its tip radius is 
about 25 nm and the thickness of the gold layer is 70 nm. 

All force measurements were performed using contact 
mode AFM at room temperature (25°C). The functiona- 
lized AFM tip with rabbit anti-BSA was used to measure 
the adhesion force between the substrate of BSA and the 
tip of rabbit anti-BSA in PBS as control experiment. The 
retraction velocity was estimated to be 0.04 um/s, and all 
the measurements were observed under this condition. 
From the "force-displacement" curve, the adhesion force 
was calculated. Measurement was repeated about 50-55 
times at each of 5 randomly selected locations across the 
protein monolayer on the gold substrate. To mimic the 
various antimicrobial drug solution media, the PBS in 
control experiment was separately changed to sulphathia- 
zole sodium, tylosin, and levofloxacin solution (one of the 
drugs dissolved in PBS) over a concentration range of 10- 
70 mM. A complete series of measurements in the con- 
trol and in each of the drug solutions were conducted 
using the same functionalized AFM tip. The five selected 
locations across the protein monolayer in control experi- 
ment were measured in the drug solutions. 

2.6. AFM imaging 

All images were acquired using Benyuan CSPM 5000 
scanning probe microscope (Benyuan Co., China) 
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equipped with a 1.6-|im E scanner. Commercial Si 3 N 4 
cantilevers (BudgetSensors) with resonant frequency of 
200 kHz were used. AFM worked with tapping mode in 
PBS and drug solutions at typical scanning rate of 2.0 
Hz and scanning size of 1000 nm x 1000 nm. The 
roughness of surfaces in different solutions was analyzed 
by CSPM Image 4.62 software program (provided by the 
manufacturer). 

2.7. Materials 

16-MHA, l-ethyl-3-(dimethylaminopropyl) carbodi-imide 
hydrochloride (EDC), NHS, sulphathiazole sodium, tylosin, 
and levofloxacin were purchased from Sigma Aldrich Che- 
mical Co. and used as-received. PBS (140 mM NaCl, 
3 mM KC1, pH 7.4) and ethanol (guaranteed grade) were 
purchased from Merck Co., and ultra pure water (resistiv- 
ity of 18.2 MH cm) was obtained by Millpore purification 
system. BSA and rabbit anti-BSA were purchased from 
Biosun Co. (China). 

3. Results and discussion 

Our previous research justified SAM for protein immobili- 
zation and AFM for interaction force measurement [19]. 
The same combined method was adopted for BSA and 
rabbit anti-BSA system because it is relatively simple, sen- 
sitive and reliable. The adhesion forces between BSA and 
rabbit anti-BSA in PBS (control experiment) and their 
probability distribution were calculated from repeated 
measurements and plotted in Figure 2a. The distribution 
of the adhesion forces in PBS could be fitted with Gaus- 
sian models and varied between 0.1 and 0.9 nN. The 
majority of them were between 0.3 and 0.7 nN. Consider- 
ing the adhesion force measured by AFM was not that of 
a single antigen- antibody pair, but rather a collective result 
of interaction forces from multiple antigen/ antibody pairs, 
the Poisson statistical method developed by Beebe et al. 
[27,28] could be used to determine the unbinding force 
required to separate a single pair of antigen and antibody 
molecules. The advantage of this method was verified that 
it provided an accurate calculation of single-molecule spe- 
cific force in the presence of moderate-to-large variation 
or noise of various types [29] . As defined by the Poisson 
distribution, the mean value equals the variance of the 
number (n) of interacting antigen-antibody pairs. Provided 
that the measured total interaction force is composed of a 
finite number of discrete interacting antigen-antibody 
pairs within a fixed contact area, the specific force between 
a single antigen- antibody pair (F t ) and possible nonspecific 
interaction force (F 0 ) can be derived from the slope and 
interception of the linear regression curve of the variance 
(cr^ ) versus the mean (ft m ) of the measured total adhesion 
force as cr^ = /x m Fj — F{F 0 [27]. 



The total adhesion forces between BSA and rabbit 
anti-BSA were measured repeated for 50-55 times at 
each of several randomly chosen locations of the BSA 
monolayer in PBS, and the mean (ft m ) and variance 
(cr^) of these measurements are given in Table 1, and 
plotted with linear regression as shown in Figure 3. 
From these results, the specific force between a single 
pair of BSA and rabbit anti-BSA, F t and the nonspecific 
force, F 0 , were calculated as 98 ± 4 and 48 pN, respec- 
tively. This level of specific adhesion force was well 
within the range of 35-165 pN that has been reported as 
the estimated range of force required to rupture a single 
antigen-antibody complex [30]. The successful measure- 
ment of BSA and rabbit anti-BSA adhesion interactions 
in PBS (control experiment) demonstrates that both 
proteins retained their folded conformation and 
remained functional following our immobilization 
protocol. 

Figure 2b-d shows the representative histograms of 
adhesion forces of BSA and rabbit anti-BSA in sul- 
phathiazole sodium, tylosin, and levofloxacin solution 
(10 mM), respectively. The mean (ft m ) and variance 
(cr^) of these measurements are given in Table 1, and 
then plotted with linear regression. The specific force 
between a single pair of BSA and rabbit anti-BSA, F t 
and the nonspecific force, F 0 in PBS and the three drug 
solutions are summarized in Figure 4. It is observed that 
the specific force in tylosin solution is smallest in all 
solutions (Figure 4a). This was expected because the 
spatial structure of tylosin molecule is biggest of these 
three drug molecules, and when tylosin molecules 
absorb on surfaces of BSA and rabbit anti-BSA, they 
may cover available binding sites and weaken the speci- 
fic adhesion force between BSA and rabbit anti-BSA. 
According to the definition of the Poisson distribution 
method, the chemical and hydrogen bonds are consid- 
ered as specific interactions, whereas the electrostatic 
interactions are counted toward part of nonspecific 
interactions [31]. Tylosin molecules may hinder the for- 
mation of chemical and hydrogen bonds between BSA 
and rabbit anti-BSA. This result is in line with our pre- 
vious reports that binding was inhibited when surface 
epitopes were blocked by excess antibody applied before 
AFM was performed [19,32]. Kim et al. [33] found poly- 
myxin B affected the molecular interaction between 
lipopolysaccharide (LPS) binding protein-LPS complex 
and the receptor protein using AFM and different struc- 
tures of the drugs resulted in different bonding forces. 
Kanapathipillai et al. [34] depicted that the behavior of 
solute was highly dependent on its structure and some 
molecules could play a key role in the prion inhibition 
mechanism because they could interfere with the 
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Figure 2 Distribution histograms of all measured adhesion forces in different kinds of physiological liquid, (a) Distribution histograms of 
measured adhesion forces in PBS. (b) Distribution histograms of measured adhesion forces in sulphathiazole sodium solution (10 mM). (c) 
Distribution histograms of measured adhesion forces in tylosin solution (10 mM). (d) Distribution histograms of measured adhesion forces in 
levofloxacin solution (10 mM). The distributions of the adhesion forces could be fitted to Gaussian models. 



hydrogen bonded monomer-monomer interactions of 
prion proteins. 

The largest nonspecific force observed in sulphathiazole 
sodium solution (Figure 4b) could be attributed to the 
effect of increasing solution ionic strength (IS). Both BSA 
and rabbit anti-BSA are negatively charged when 
immersed in solution (pH 7.4), as the isoelectric points of 
BSA and rabbit anti-BSA are 4.7, 4.8-5.2, respectively [35]. 
Increasing the solution IS compressed the thickness of the 
electrostatic double layer surrounding proteins, and finally 
resulted in an increase in nonspecific adhesion. This phe- 
nomenon is qualitatively consistent with predictions based 
on DLVO (Derjaguin, Landau, Verwey, Overbeek) theory 
as an increase in the solution IS will reduce the range of 
electrostatic repulsion between two negatively charged 
surfaces [36,37]. Similar effect was reported by Javid et al. 
[6]. They observed that the positive charge on the lyso- 
zyme molecule was screened by the salt anions as the salt 
concentration increased, hence diminishing the strong 



repulsive protein-protein interactions. In addition, increas- 
ing the solution IS may disrupt the hydration shell coating 
on protein surfaces and thus reduce repulsive interactions 
between the two interacting surfaces [38]. Benitez et al. 
[39] studied the effect of IS on the stability of apple juice 
particles which are mainly composed of proteins and car- 
bohydrates. They concluded that increasing IS resulted in 
reduction of surface charge and hydration constant, and 
led to an increase in adhesion. Compared with tylosin 
molecule, the spatial structure of sulphathiazole sodium 
salt in solution is smaller and sulphathiazole sodium mole- 
cules may not cover available binding sites and weaken the 
specific adhesion between antigen and antibody. In levo- 
floxacin solution, the specific adhesion force and nonspe- 
cific force are almost equal to the force values in PBS. 
This suggests that levofloxacin as a small nonionic drug 
may not affect the interactions of BSA and rabbit anti- 
BSA because of neither bigger spatial structure of levoflox- 
acin molecule nor increasing IS in solution. 
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Table 1 Adhesion forces between BSA and rabbit anti-BSA measured at five different locations on BSA substrate in 
PBS, sulphathiazole sodium, tylosin and levofloxacin solution (10 mM) 

Solution medium Location Mean force ju m (pN) Variance of force a m 2 (xlO 4 pN 2 ) Number of measurement (n) 

PBS (control experiment) 



PBS+ sulphathiazole sodium 



PBS+ tylosin 



PBS+ levofloxacin 



1 


357.6 


3.03 


52 


2 


489.7 


4.46 


50 


3 


534.4 


4.66 


53 


4 


615.4 


5.47 


53 


5 


703.1 


6.52 


52 


1 


391.4 


3.15 


52 


2 


542.1 


4.50 


50 


3 


593.3 


5.12 


52 


4 


673.1 


6.18 


53 


5 


779.5 


7.01 


53 


1 


304.7 


1.35 


50 


2 


426.2 


2.12 


53 


3 


489.5 


2.27 


53 


4 


565.4 


2.73 


52 


5 


667.8 


3.35 


52 


1 


369.1 


3.23 


52 


2 


491.9 


4.36 


50 


3 


541.6 


5.15 


53 


4 


621.1 


5.79 


53 


5 


705.2 


6.60 


52 



According to initial forces data, the drugs concentra- 
tion effect on the specific and nonspecific forces was 
further obtained (Figure 5). The specific forces in tylosin 
solution decreased for the range of drug concentration 
examined here. As the increase of drug concentration, we 
may conclude that tylosin molecule reduced the specific 
force between BSA and rabbit anti-BSA by covering 
available binding sites because of its bigger spatial struc- 
ture. In sulphathiazole sodium solution, a critical 




Mean(pN) 

Figure 3 The variance (o~^) was plotted versus the mean (urn) 
of the measured interaction forces between BSA and rabbit 
anti-BSA in PBS. Each data point represents a dataset taken at one 
of the five different sample locations. Details of the datasets are 
given in Table 1 (/? = 0.9902). 

V / 



concentration of 70 mM sulphathiazole sodium was iden- 
tified. At this concentration, the specific force dramati- 
cally decreased from 90 to 48 pN. This phenomenon is in 
contrast to what we would expect that the presence of 
sulphathiazole sodium did not affect the specific force of 
BSA and rabbit anti-BSA. We believe that this reduction 
in specific force is a result of the change in the initial 
conformation of the BSA monolayer in a solution at a 
critical solution IS. In the low IS solution, the BSA 
monolayer would be in a more unfolded state and further 
expanded into solution, providing more potential binding 
sites when antibody was pressed onto the antigen mono- 
layer. However, as the solution IS was increased to a criti- 
cal value, the monolayer would become more folded and 
compressed, forming a denser core and providing fewer 
specific interaction sites. The more condensed structure 
of the antigen monolayer at the higher solution IS could 
result in the formation of weaker bonds with antibody, 
leading to a smaller specific force as observed here [40]. 
This speculation is supported by the observed changes in 
BSA monolayer conformation shown in Figure 6. The 
surface change is quantitatively indicated by surface 
roughness. For BSA monolayer in PBS (Figure 6a) and 
50 mM sulphathiazole sodium solution (Figure 6b), the 
roughness (value of root mean square) was calculated to 
be 1.59 and 1.57 nm, respectively. For BSA monolayer in 
70 mM sulphathiazole sodium solution (Figure 6c), the 
roughness was only 0.95 nm. No conformational changes 
occurred in BSA monolayer in the presence of tylosin 



Wang et al. Nanoscale Research Letters 201 1, 6:579 
http://www.nanoscalereslett.eom/content/6/1/579 



Page 7 of 9 



110 



I 1 PBS (controlO PBS+sulphathiazole sodium 
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110 
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Figure 4 Bar plot summarizing the specific force between a single pair of BSA and rabbit anti-BSA and the nonspecific force in PBS 
(as a reference), sulphathiazole sodium, tylosin and levofloxacin solution (10 mM). (a) The specific force between a single pair of BSA and 
rabbit anti-BSA, F h (b) The nonspecific force between BSA and rabbit anti-BSA, F 0 . 



and levofloxacin (data not shown). This suggests that the 
monolayer will become more folded and compressed at 
the critical solution IS of sulphathiazole sodium. This 
observation is similar to the finding of Lazar et al. [41]. 
In their study, it was shown that BSA formed films with 
different micro-structures in the presence of various 
sodium salts. The concentration of sulphathiazole 
sodium affected the nonspecific force, as shown by a 
higher nonspecific force with an increase in the concen- 
tration of sulphathiazole sodium. We believe that 
increasing the concentration of sulphathiazole sodium 
compressed the thickness of the electrostatic double 



layer surrounding proteins and disrupted the hydration 
shell coating on protein surfaces, so it eventually resulted 
in an increase in nonspecific adhesion. The variation of 
levofloxacin concentration did not clearly influence the 
specific and nonspecific force of BSA and rabbit anti- 
BSA. This indicates that the presence of levofloxacin as a 
small nonionic drug did not affect significantly the inter- 
actions of BSA and rabbit anti-BSA in the solution. 

4. Conclusions 

The interaction between BSA and rabbit anti-BSA was 
investigated by AFM in PBS and three antimicrobial 



A sulphathiazole sodium 
-•-tylosin 
-■-levofloxacin 




20 30 40 50 
Concentration (mM) 



^ sulphathiazole sodium 

• tylosin 

■ levofloxacin A 



20 30 40 50 
Concentration (mM) 



Figure 5 The specific and nonspecific forces between BSA and rabbit anti-BSA with changing concentrations of the three drug 
solutions, (a) The specific force between a single pair of BSA and rabbit anti-BSA, F h (b) The nonspecific force between BSA and rabbit anti- 
BSA, F 0 . 
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(a) 




(c) 




Figure 6 Topographies of the BSA monolayer in different kinds of physiological liquid recorded by tapping mode AFM. (a) Topography 
of the BSA monolayer in PBS. (b) Topography of the BSA monolayer in 50 mM sulphathiazole sodium solution, (c) Topography of the BSA 
monolayer in 70 mM sulphathiazole sodium solution. The scanning size is 1000 nm x 1000 nm. 

V . / 



drug (sulphathiazole sodium, tylosin and levofloxacin) 
solutions under physiological conditions. The results 
suggest that increasing the concentration of tylosin solu- 
tion decreased the single-molecule-specific force, 
demonstrating the important contribution of tylosin 
molecules spatially covering available binding sites to 
decreased specific adhesion force. At a certain critical 
concentration of sulphathiazole sodium, the single-mole- 
cule-specific force decreased dramatically because of the 
change in the initial conformation of the BSA mono- 
layer. The nonspecific force increased as the concentra- 
tion of sulphathiazole sodium increased, suggesting that 
sulphathiazole sodium as an ionic drug increasing solu- 
tion IS was the dominant mechanism of nonspecific 
force. The presence of levofloxacin as a small nonionic 
drug did not significantly affect the interactions of BSA 
and rabbit anti-BSA in the solution. These findings may 
enhance our understanding of antigen/antibody binding 
processes in the presence of drug molecules, and hence 
indicate the AFM could be helpful in the design and 
screening of drugs modulating protein-protein interac- 
tion processes. 
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